Purpose of the review: This review describes methods for successful application of heat treatment to manage stored-product insect pests in food-processing facilities and distinguishes between structural and commodity heat treatments. It also discusses stage-specific susceptibility of insects to elevated temperatures, effects of elevated temperatures on insect development, survival and reproduction, and mechanisms of heat tolerance. Further, the review identifies many research needs in this area. The information and useful citations presented in this review provide substantial knowledge about structural heat treatments. Findings and limitations: Methyl bromide, a fumigant traditionally used as a space fumigant for insect management, is an ozone depleter that has been phased out in the USA and elsewhere. The use of elevated temperatures, or heat treatment, is gaining popularity as a methyl bromide alternative. Heat treatment involves raising the ambient temperature of a facility to 50-60 o C and holding these temperatures for 24-36 h. The major challenge with heat treatment is non-uniform distribution of the heated air caused by temperatures stratifying both horizontally and vertically within the heated facility. Thus, some portions of the facility may be over-heated (>60 o C), resulting in inefficient use of the generated heat, whereas other portions may be under-heated (<50 o C), resulting in survival of the targeted insects.
Introduction
Several techniques are being considered as possible alternatives to methyl bromide, a fumigant that has been phased out in the USA and other developed countries. One such alternative is the use of elevated temperatures, or heat treatment, an old technology that has been used by the food industry. Heat treatment involves raising the temperature of the ambient air within a facility, or a portion of it, to 50-60 o C and holding these temperatures for 24-36 h to kill insects. The aim of this review is to familiarise readers with some aspects of heat treatments and the responses of insects to elevated temperatures.
Methyl bromide use in food-processing facilities
Methyl bromide has been registered as a space fumigant to control insects in flour mills, warehouses, railcars and ships since the 1940s [1-3**]. In 1974, it was realised that chlorinated fluorocarbons (CFCs), used widely as refrigerants and aerosol propellants, could be causing significant damage to the stratospheric ozone layer [4, 5] . With the discovery of a "hole" in the ozone layer in 1985 [6] , the Montreal Proto-
HSP
Heat Shock Protein 2 col, which was held in 1987 and signed by 24 countries, established guidelines and timelines to eliminate substances that deplete the ozone layer. In 1992, at a follow-up meeting held in Copenhagen, it was agreed that methyl bromide was a Class I ozone depleter [7] , because emissions of methyl bromide from sources other than soil fumigations released 70-99% of the initial gas, which eventually reaches the atmosphere [3**]. All these processes have led the United States Environmental Protection Agency to mandate removal of methyl bromide from the chemical register under the amended 1990 Federal Clean Air Act [8] . Developed countries completely eliminated the use of methyl bromide by 2005, while it was proposed that developing countries would completely phase out methyl bromide use by 2015. For all the countries, there is a provision to retain critical and emergency uses of methyl bromide. Some quarantine and preshipment uses are also exempted from these reductions [2].
Heat as a methyl bromide alternative
Methyl bromide has been a valuable tool for managing stored-product insects in food-processing structures such as flour mills for over 50 years. With the phase-out of methyl bromide, there was a need to explore alternatives for managing insects in flour mills. Many innovative solutions have been developed or considered as methyl bromide alternatives. They include: the use of stock rotation; sanitation; residual products; insecticide fogs; non-ozone depleting fumigants (ECO 2 Fume  ® and ProFume   TM   ) ; and the use of heat or cold [3**]. Both heat and cold have long been recognised as nonchemical tactics that were environmentally benign for control ling stored-product insects and mites [9, 10**-13]. Storedproduct insect pests, unlike most other insect pests, live in an environment that can be physically manipulated by humans. Therefore, temperature manipulation of stored-product habitats can slow the increase in populations or eliminate them completely [10**, 14] . The use of heat treatment offers the greatest potential for management of insect pests in foodprocessing facilities as an alternative to methyl bromide fumigation [9, 15-19*, 20*, 21] . During heat treatment, an entire facility or a portion of it is heated to 50-60 o C and these high temperatures are maintained for 24-36 h to kill storedproduct insects [10**, 18, 19*, 20*, [22] [23] [24] . The target temperature for effective disinfestations should be at least 50 o C.
Background and history of heat treatments
The first recorded occurrence of using heat to control a stored-product insect was carried out by Duhamel du Monceau and Tillet in 1762 in Western France. During a severe outbreak of angoumois grain moth, Sitotroga cereallela (Oliver), a temperature of 69 o C for 3 days was used to destroy caterpillars in the grain, spread out in ovens. In 1835, Lintner recorded that the first occurrence of the use of heat in the USA was in a flour mill in Ohio [16] . In 1910 and 1911 heat treatments were used in several mills in the Midwestern USA and in Canada [9] . This method was thoroughly tested by workers in the Bureau of Entomology of the United States Department of Agriculture and various state entomologists and was found to be highly effective, inexpensive, and free from hazards to workmen. Dean [9] gave temperature records and relevant data from mills that had used efficient heat treatment. Tests conducted by Dean [9] encouraged some foodprocessing companies to use this technique for several years. Although many mills initially started using heat treatments, this technique was soon abandoned because heat warped wooden floors and wooden equipment, stretched line belts, and degreased un-sealed bearings [25, 26] . In some facilities, heat treatment was no longer found to be feasible due to the inability to economically attain and hold desired temperatures [17] . The potential for using heat to disinfest food-processing facilities further declined after the advent of cheap and readily available fumigants such as hydrogen cyanide and chloropicrin [15] , and eventually methyl bromide and phosphine.
Currently, with the advances in building and equipment design and removal of methyl bromide from the market, there is renewed interest in using elevated temperatures for storedproduct insect management in food-processing facilities [19*, 20* 23-26] . Consumer attitudes towards pesticides, coupled with regulatory restrictions on traditionally used pesticides, make heat a desirable option for management of insects in food-processing facilities. Heat treatment is becoming very popular in flour mills and breakfast food-processing plants in North America, Europe and Australia. In addition to facility treatment, heat also has been used to kill insects in dried fruits and nuts [27] , perishable commodities such as fruits and vegetables [28] [29] [30] [31] , and grain [32] [33] [34] [35] [36] . Heat, including solarisation, electronic heating and steam heating, are being studied as replacements for methyl bromide fumigation for planting beds, containers and timber [12] .
Heat treatments for fresh commodities are distinctly different from those used for facility heat treatments. In heat treatment of fresh fruits, nuts, dried fruits or grain high temperatures within the range from 60 to 85 o C are used for short periods (several minutes). The rate of heating is typically in the range of 10 to 15 o C/min [31] . The purpose of these hightemperature short-time treatments is to kill insects without adversely affecting product quality. After treatment, commodities are allowed to cool passively to ambient temperatures over several hours [31] [32] [33] . In facility heat treatments, heaters are used to slowly heat the ambient air, with typical heating rates during facility heat treatments ranging from 0.3 to 13.7ºC/h [19*, 24] . The 24-36 h duration used for the heat treatment is necessary for the heat to penetrate wall voids and pieces of equipment to kill any insects that are harbouring within.
Advantages and limitations of using elevated temperatures
There are several advantages of using elevated temperatures for managing stored-product pests. Pesticides require approval by a regulatory agency (for example, the United States Environmental Protection Agency). However, unlike pesticides, the use of elevated temperatures does not require registration through a regulatory agency. The use of elevated tem-3 peratures is an environmentally friendly technology, is simple to use, and as opposed to fumigants, has little or no risk to users and bystanders [3**, 37]. Heating is well suited for a localised area of a mill or the entire mill, and sealing of the entire facility (as required for fumigants) is not needed when using elevated temperatures. Although heat treatments are considered to provide many advantages, there are a few limitations of using this technology. Some of the limitations are the higher initial cost for equipment that provides the required heat energy. Heat does not penetrate well into food residues and products, and therefore a greater deal of sanitation and cleaning is required before treatment. It is essential that during treatment products are removed from the facility to prevent insects seeking refuge in food to escape the heat treatment [38] . Sudden increases in temperature may affect the structural integrity of buildings. Heat may warp plastic and wood materials in flour mills, stretch line belts and degrease bearings [26] . Sensitive electronic equipment may be damaged if exposed to elevated temperatures and, thus, should be protected during the treatment [18] .
Types of heaters used and cost comparisons
Based on the source of heat energy heaters are categorised as steam or hot water heaters (internal, external or combination), natural gas or propane heaters, or electric heaters. The type of heater that is used in a facility is based mainly on the availability and amount of heat energy needed. Other factors affecting the choice of heaters include: installation and running costs; availability of resources on site (steam, gas or electricity including outlets with proper voltage); ease with which heating equipment can reach areas where treatment is needed; and whether all precautions have been taken to ensure that structural components within the heated facility will not be affected. Gas heating is the most common source of heating in all applications, because most heaters are portable, produce high temperatures and have a low installation cost [39] . A relative estimation of energy costs for four different types of heaters shows that natural gas heaters tend to be much cheaper than others (Table 1) . However, the estimates provided may not be applicable in "real world" settings because of competitive bidding by companies that perform heat treatments for the food industry. Details on how to conduct heat treatments, safety considerations during heat treatments, monitoring the effectiveness of heat treatments, and post heat treatment activities can be found in several published materials [26, 40, 41**] .
Temperature stratification during heat treatment
The effectiveness of heat treatment depends on treated areas reaching and maintaining lethal temperatures (50-60 o C) for an adequate amount of time. Horizontal and vertical stratification of temperatures within a facility during heat treatment results in non-uniform distribution of heat [17, 19*, 22, 42] . Thus, some portions of a facility may be over-or underheated. Over-heating may result in damage to heat-sensitive equipment. Under-heating may result in insects surviving the heat treatment. Generally, it is difficult to attain lethal temperatures (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) o C) near floors, room corners, and floor-wall junctions without proper heating capacity and air circulation. Insects have a tendency to move from an area where temperatures are higher to ones where the temperatures are lower to avoid desiccation and death [43] . How temperatures behave within flour and feed mills during heat treatment, and related temperature changes to mortality of Tribolium castaneum (Herbst) life stages were provided by Mahroof et al. [19*] . Non-uniform heating was observed in sample locations in both mills. Horizontal and vertical stratification of temperatures, poor air movement, less than optimum placement of heaters or ducts carrying hot air, and loss of heat from various surfaces like windows, doors, floor and roof vents may have contributed to the non-uniform heating observed. Therefore, it is vital to monitor temperatures regularly at several locations during heat treatment and take corrective action to redistribute heat from hotter to cooler areas of the mill by using additional heaters. Fans can help to redistribute air from the hotter areas of the facility to cooler areas, producing a more uniform heat treatment. During heat treatment insects are exposed to gradually increasing temperatures. Differences in acclimation of the various insect stages to gradually increasing temperatures could affect subsequent susceptibility at high temperatures.
Susceptibility of insects to elevated temperatures
The successful application of temperature changes to kill insects is possible because insects are poikilotherms and [20*, 21] . The rate of heating also affects the speed at which insects die [19*, 30, 31, 48] . Moreover, insects are known to become acclimatised, especially at slow heating rates, often resulting in an upwards shift of their thermal death points. Various responses elicited by insects exposed to elevated temperatures may lead to their death, or to developmental or reproductive defects.
Physiological responses of insects to elevated temperatures
The lethal effects of elevated temperatures on insects depend on both the temperature and the time of exposure [10**, 20*, 45, 49] . The higher the temperature, the shorter the exposure time needed to kill insects. At moderately high temperatures, insects typically survive for a certain time before they are killed. Elevated temperatures increase insect body temperature and affect the waxy layer of the cuticle, which is sensitive to temperature changes. The wax becomes more fluid, allowing increased transpiration through the cuticle. This affects water balance in insects, leading to death by desiccation [50] . Body size is a decisive factor for vulnerability to desiccation; often, smaller insects are killed more quickly at elevated temperatures than larger insects because of larger surface area to volume ratio in the former [51] . Since most stored-product insects are smaller in size [52] , they are more vulnerable to desiccation. Furthermore, phospholipid membranes are destroyed at or above 47 o C leading to leakage of ions [49, 53] , and the nervous system, which depends on membrane integrity, is thought to be damaged by this process [10**]. One of the major causes of death in insects exposed to elevated temperatures is loss of homeostatis due to destabilisation of the nervous system. An array of abnormalities is caused at the cellular level in response to exposure to elevated temperatures. Exposure to a temperature range from 43 to 45 o C decreases hemolymph pH and ion concentrations, denatures proteins and nucleic acids, inactivates major glycolysis enzymes, affects the binding of a substrate to the enzyme, denatures lipids and carbohydrates, alters structure and function of macromolecules present in the cell, and disrupts the plasma membrane [46, 49, 54] . At elevated temperatures, all of these effects are exacerbated, resulting in rapid death of the insects. This is usually the case, but such outcomes are not always absolute. Depending on the temperature-time relationships, some insects may survive exposure to elevated temperatures. Although exposure to sub-lethal temperatures or to lethal temperatures for sublethal times may not kill insects, surviving insects may exhibit defects in development or reproduction.
Effect of elevated temperature on the development of insects
Changes in temperature affect the endocrine system and many of the changes in insect growth and development could be a result of changes in the endocrine system [46] . In the red flour beetle, Tribolium castaneum (Herbst), exposure of 1-to 3-dayold pupae to 45 o C for 24-72 h inhibited development and formation of normal adults [55] . During a structural treatment in a flour mill, when the temperatures did not exceed 50 o C, the yellow mealworm (Tenebrio molitor [L.]), the confused flour beetle (Tribolium confusum Jacquelin du Val) and the Mediterranean flour moth (Ephestia kuehniella [Zeller] ) survived the treatment [47] . However, further growth and development were delayed for many days. When pupae of T. castaneum were exposed to 50 o C for 60 min, adults emerging from pupae had incomplete wings and elytra, and unsclerotised patches on the abdomen (R Mahroof, pers. obs.).
Effect of elevated temperature on reproduction of insects
Reproduction is more readily and adversely affected by extremes of temperatures than most other physiological functions. In many insect species, elevated temperatures could affect the endocrine system and prevent maturation of germ cells and perhaps inhibit the deposition of vitellin in the eggs [46] . Extreme temperatures might affect egg production by destruction of mature egg cells, primary and secondary oocytes, or injuries to the ovarian tubules, which might affect the mechanism of egg production [16] . Many authors have reported reproductive defects in stored-product insects exposed to elevated temperatures. Some of the reported species include: the Khapra beetle, Trogoderma granarium Everts [44, 55] ; Rhyzopertha dominica (F.) [56] ; cowpea weevil, Callosobruchus maculatus (F.); the pulse beetle, Callosobruchus subinnotatus (Pic) [57] ; and the almond moth, Cadra cautella (Walker) [58] . Mahroof et al. [59] indicated that exposure to a sub-lethal temperature or short-term exposure to a lethal temperature reduced the fecundity, egg-to-adult survival rate, and adult progeny production in T. castaneum. Adverse effects on reproduction have a practical value in terms of population increase after a heat treatment. Pest population build-up after a heat treatment partly depends on the reproductive performance of the survivors. Reduction in fecundity or egg-to-adult survival helps in suppressing populations over time. Impaired reproduction in insects can be used to understand population rebounds following an intervention.
Heat tolerance in insects
An understanding of the temperature-time mortality relation-5 ship of insects is important for determining minimum temperature-time combinations for killing 99 or 99.9% of a species and identifying the most heat-tolerant developmental stage. The major challenge in successfully using heat treatments is to target and kill the most heat tolerant stage of the insect. Heat tolerance, or the ability to withstand elevated temperatures in insects, depends on many factors including: intraspecific variation; the age structure of population exposed; previous thermal acclimation or temperature history of exposed insects; genetic adaptation; and rapid heat hardening [12, 32, 43] . Tolerance to both heat and cold has been reported in many other stored-product insects [60] . Studies by Wright et al. [23] showed the large larvae (6-7 mm in length) of the warehouse beetle, Trogoderma variabile (Ballion), to be the most heat-tolerant developmental stage at [50] [51] [52] [53] [54] [55] [56] o C. In T. castaneum, Mahroof et al. [20*] showed the young larvae (0 to 1-day old) as the most heat-tolerant stage when compared with eggs, old larvae (22 days old), pupae and adults at [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] o C. In T. confusum, however, old larvae (22-23 days old) were found to be more heat tolerant than eggs, young larvae (2-3 days old), pupae and adults at [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] o C [61] . At the temperature ranges between 44 and 52 o C adults of Plodia interpunctella (Hübner) seemed to be the least heat-tolerant developmental stage, while the fifth-instars were the most heat-tolerant stage [21] . Therefore, heat treatments aimed at controlling the most tolerant stage should be able to control all other life stages. In addition, the tolerant stage should be used as "test insects" to gauge the effectiveness of heat treatments.
Heat shock proteins
Increased heat tolerance in insects at the cellular level, is enhanced by the synthesis of a special group of proteins known as heat shock proteins (HSPs) [49, [62] [63] [64] [65] [66] [67] [68] . HSPs are classified into several families based on their protein size [69] and HSP 70 is one of the most highly conserved heat shock proteins identified in classes of invertebrates and vertebrates [63] . Generally, HSP 70s are thought to provide the cell with protection by preventing aggregation or improper folding of proteins. In addition, they are involved in resolubilising and stabilising proteins by targeting denatured proteins for degradation and removal, thereby ensuring the survival of the organism under stressful conditions that promote cell damage and death. The HSP 70 binds to the periphery of ribosomal assembly and protects them from irreversible denaturation.
In an attempt to relate thermotolerance to HSP 70 accumulation, results from Mahroof et al. [67] indicated that the magnitude of HSP 70 expression in T. castaneum was stage-, time-, and temperature-dependent. The highest thermotolerance generated for T. castaneum young larvae lasted for 8 h. However, after a certain threshold of time for a given temperature or certain upper limit of temperature, heat tolerance in T. castaneum young larvae was lost, and this may be possibly due to the lack of synthesis of fresh HSP 70 or degradation of existing HSP 70.
Combining heat treatment with other methods
There are tremendous opportunities for combining heat with several other techniques for management of mill insects. Such combination treatments are especially attractive because they can cause mortality with less energy input than if heat alone is used. The effectiveness of fumigants can be enhanced by heating the air within facilities or by heating the fumigant prior to fumigating a structure. The use of diatomaceous earth in areas where temperatures reached only 50 o C caused complete mortality of T. castaneum adults [18] . The efficacy of cyfluthrin, a residual pesticide, and hydroprene, a growth regulator, exposed to surfaces during heat treatments was unaffected and had improved effectiveness against T. castaneum [70] . Combination treatments using heat and cold have also been found to be effective as quarantine treatments for commodities. This may be a viable option to use in foodprocessing structures too.
Conclusion and future directions
The use of elevated temperatures, or heat treatments, is gaining acceptance by the food industry as a viable methyl bromide alternative. The major challenge with heat treatment is non-uniform distribution of the heated air caused by temperatures stratifying both horizontally and vertically within the heated facility. Sanitation of the floor and equipment of a food-processing facility before heat treatment improve effectiveness in killing insects, because food materials are poor conductors of heat and serve to insulate insects from elevated temperatures.
Although this review was able to describe a portion of the responses of insects exposed to elevated temperatures, a great deal of future work is necessary to fully understand the responses of insects to heat. Understanding how elevated temperatures affect insect mortality can lead to the formulation of a more effective heat treatment. Data have not been scientifically collected on the adverse effects of high temperatures on the structural integrity of buildings, building materials, and equipment. Data are also lacking on the rate of heating during heat treatments and on susceptibility of many other stored-product insects those were not mentioned in this review. Studies are also needed on how best to combine heat treatments with other methods and how to improve the existing methods for efficient energy utilisation. Detailed costbenefit analysis for proposed treatments could also provide additional useful information.
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